ABSTRACT Within mosquitoes, arboviruses encounter barriers to infection and dissemination that are critical determinants of vector competence. The molecular mechanisms responsible for these barriers have yet to be elucidated. The prototype Sindbis (SIN) strain, AR339, and viruses derived from this strain, such as TR339 virus, have limited infection and transmission potential in the medically important arthropod vector, Aedes aegypti (L.). However, the Malaysian SIN virus strain, MRE16, disseminates in nearly 100% of Ae. aegypti 14 d after oral infection. Here, we compare the spatial and temporal infection patterns of MRE16 and TR339 viruses in Ae. aegypti. The results indicate that a midgut escape barrier is primarily responsible for the signiÞcantly lower dissemination and transmission potentials observed after oral infection with TR339 virus. MRE16 and TR339 viruses now represent a well-characterized model system for the further study of virus determinants of vector infection, particularly determinants affecting the midgut escape barrier in Ae. aegypti.
AFTER INGESTION OF AN infectious blood meal, arthropod-borne viruses (arboviruses) move through the vector mosquito in a step-wise fashion. In competent mosquitoes, dissemination begins with the initial, unidirectional, productive infection of the midgut epithelium. After replication of virus in the epithelial cells, virus escapes the midgut and disseminates to secondary target organs such as the salivary glands. The arbovirus is shed into the ducts of the salivary glands and then transmitted through saliva in a subsequent bite. Transmission can be prevented if one or more barriers to infection and dissemination are present in the mosquito (Woodring et al. 1996) . Productive infection of the midgut is restrictive for incompatible viruses representing a midgut infection (MI) barrier (Hardy 1988 , Woodring et al. 1996 . In female mosquitoes exhibiting a midgut escape (ME) barrier, virus infects the midgut but is unable to disseminate to other organs and remains sequestered in the infected midgut cells. Other barriers to transmission of an arbovirus have been postulated. A salivary gland infection (SGI) barrier has been demonstrated for western equine encephalitis (WEE) virus in Culex tarsalis mosquitoes (Kramer et al. 1981 ) and a salivary gland escape (SGE) barrier has been deÞnitively demonstrated for several arbovirus-vector combinations (Beaty et al. 1981 , Takahashi 1982 , Grimstad et al. 1985 , Jupp 1985 . Although the molecular mechanisms associated with these barriers have yet to be elucidated, there is evidence to suggest that they are inßuenced by the genetics of both the virus and the vector (Hardy 1988) .
Sindbis (SIN) viruses (Togaviridae) are singlestranded, positive-sense RNA viruses that are cycled principally between Culex mosquitoes and avian vertebrate hosts (Taylor et al. 1955 , Doherty et al. 1977 . However, SIN viruses are infectious for a number of other vertebrate (including humans) and arthropod species Thomas 1960, Malherbe and Strickland-Cholmley 1963) . SIN viruses primarily have an Old World distribution and can readily be separated into distinct Paleoarctic/Ethiopian and Oriental/Australian antigenic and genetic groups (Rentier-Delrue and Young 1980 , Olson and Trent 1985 , Shirako et al. 1991 , Sammels et al. 1999 .
SIN virus is one of the most well-studied arboviruses. The genome structure and replication strategy of the virus have been determined, and molecular clones of the virus can be constructed that are easily manipulated (Strauss and Strauss 1994) . In addition, SIN virus expression systems have been developed from some of the available molecular clones for use in mosquitoes (Olson et al. 2000) . The oral infection of Aedes aegypti with SIN virus is a convenient model for the study of arbovirus-mosquito interactions because Ae. aegypti is a medically important vector species, the molecular biology of the vector is one of the best understood of any vector species, and it is easy to rear and manipulate in the laboratory.
The prototype SIN strain, AR339, and viruses derived from this strain have limited dissemination and transmission potential in Ae. aegypti after oral infection (Jackson et al. 1993 , Seabaugh 1998 , Seabaugh et al. 1998 ). Although Jackson et al. (1993) demonstrated that 40% of Ae. aegypti transmitted AR339 virus after ingesting Ϸ10
6.3 tissue culture infectious dose Þfty (TCID 50 ) of virus per mosquito, the number of infected mosquitoes in which virus had disseminated from the midgut was not determined. However, Seabaugh (1998) reported an average virus dissemination rate of 39.5% in Ae. aegypti 14 d after ingestion of a blood meal containing 10 6.8 or 10 8.5 TCID 50 /ml of AR339 virus. In contrast, the SIN virus MRE16 strain disseminates in nearly 100% of Ae. aegypti ingesting an infectious blood meal of similar titer . In addition, a chimeric SIN virus (MRE1001) based on the nonstructural and cis-acting sequences of an AR339 variant and the structural genes of MRE16 SIN virus efÞciently and rapidly infects midgut tissues of Ae. aegypti and disseminates in Ͼ90% of mosquitoes within 14 d , Olson et al. 2000 .
Our study compares the midgut infection, dissemination, and transmission potential in Ae. aegypti of MRE16 virus (Oriental/Australian genotype) and TR339 (Paleoarctic/Ethiopian genotype) virus, a recombinant SIN virus that is thought to reßect the sequence of AR339 virus at the time of its isolation from mosquitoes (Klimstra et al. 1998 ). This comparison was done to develop a well-characterized model system for the further study of viral determinants of infectivity and transmissibility, in particular those affecting the expression of a ME barrier in a medically important arthropod vector. A model combining SIN infectious clone technology and Ae. aegypti bioinformatics will allow for a more complete study of virusÐ vector interactions. Results of this study also provide a baseline for the temporal and spatial infection/ expression patterns of MRE16 and TR339 viruses in Ae. aegypti for those using expression systems developed from these viruses in this vector.
Materials and Methods
Cells and Medium. Baby hamster kidney (BHK-21), Ae. albopictus (C6/36) (Igarashi 1978) , and African green monkey kidney cells (Vero) were grown in minimal essential medium (MEM) containing 10% fetal bovine serum (FBS), 1ϫ nonessential amino acids (NEAA) for MEM, 292 g/ml L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. BHK-21 and Vero cells were maintained at 37ЊC. C6/36 cells were maintained at 28ЊC.
Viruses. MRE16 virus was isolated in Ae. pseudoscutallaris (AP61) cells (Varma et al. 1974 ) and passaged six times in AP61 cells and Þve times in C6/36 cells. The consensus sequence of the SIN virus AR339 isolate, the prototype alphavirus, was deduced (McKnight et al. 1996) and cloned as a cDNA (pTR339) (Klimstra et al. 1998 ). The cDNA clone pTR339 was generously provided by Dr. Robert Johnston (Division of Infectious Diseases, Department of Medicine, School of Medicine, University of North Carolina, Chapel Hill, NC). The consensus sequence was deduced from the complete sequences of the AR339 laboratory derivatives TRSB (McKnight et al. 1996) and HR sp (Strauss et al. 1984 ) from partial sequences of the glycoprotein genes of the three other AR339 laboratory strains, SV1A (Lustig et al. 1988) , NSV (GrifÞn and Johnson 1977, Lustig et al. 1988) , and SIN (Davis et al. 1987 , and four closely related alphaviruses, S.A.AR86 (Russell et al. 1989 , Girdwood S.A. , Ockelbo82 (Shirako et al. 1991) , and Aura (Rumenapf et al. 1995) . A total of eight coding differences and a difference at nucleotide 5 in the 5Ј noncoding region (NCR) were found between the published sequence of HR sp and the consensus sequence (McKnight et al. 1996) . Clone-derived virus was produced by in vitro transcription of linearized plasmid DNA and electroporation into BHK-21 cells and passaged once in C6/36 cells. Virus stocks were titered by plaque assay on Vero cell monolayers (Miller and Mitchell 1986) . The MRE16 and TR339 virus working stocks contained 10 9.6 and 10 9.3 plaque forming units (pfu)/ml, respectively.
Mosquitoes. RexD Ae. aegypti mosquitoes originating from Rexville, Puerto Rico (Division of Vectorborne Infectious Diseases, Centers for Disease Control and Prevention, Fort Collins, CO) were reared and maintained at 28ЊC, 80% RH, and a photoperiod of 16:8-h L:D.
Oral Infection of Mosquitoes by Artificial Blood Meal. Conßuent monolayers of C6/36 cells were infected with TR339 electroporation supernatant from BHK-21 cells at a multiplicity of infection (MOI) of 0.01. Approximately 60 h after infection, cell culture supernatant was harvested, clariÞed by centrifugation at 1,000g for 3 min, and stored at Ϫ70ЊC. One milliliter of supernatant containing Ϸ10 9 pfu of virus was mixed with 1.0 ml of deÞbrinated sheep blood (Colorado Serum Co., Boulder, CO). The blood mealÐvirus mixture was pipetted into a water-jacketed (37ЊC) glass membrane feeder . Mosquitoes (5Ð7 d after eclosion) were fed for Ϸ1 h through a hog gut membrane. Blood-meal samples were collected after feeding for virus titration. Mosquitoes ingesting the blood meal were selected and incubated at 28ЊC and 80% RH . Mosquitoes also were intrathoracically inoculated with 1.0 l containing 10 4 pfu/ml of virus as positive controls or mock infected with MEM containing 10% FBS, NEAA, Lglutamine, and antibiotics as negative controls. Mosquitoes were maintained at insectary conditions until analyzed (Gubler and Rosen 1976a) .
Immunofluorescent Antibody Analysis of Mosquito Tissues. Virus dissemination was assayed by detecting SIN E1 antigen in head tissues using an indirect immunoßuorescent antibody (IFA). Heads from orally infected and positive and negative control mosquitoes were analyzed by immunoßuorescence using anti-SIN E1 Mab 30.11a (Chanas et al. 1982) as previously described (Olson et al. 1996) .
For the IFA analysis of whole mosquito midgut dissections, infected midguts were placed in a microtube containing paraformaldehyde (4%, 1ϫ phosphate-buffered saline [PBS] ) for at least 2 h. The paraformaldehyde solution was removed, and midguts were rinsed in PBS-Triton X-100 (1ϫ Ashburners PBS, 0.005% Triton X-100). IFA detection of SIN E1 antigen in midguts was performed as previously described (Olson et al. 1996) , with the exception that all incubations and rinses were done in PBS-Triton X-100. After two Þnal rinses, midguts were mounted in Mowiol mounting medium (Aldrich, Milwaukee, WI) and polymerized overnight. Fluorescence analysis and imaging were carried out using a ßuorescent microscope (Olympus BH2, with 10, 20, and 40ϫ objectives).
For the IFA of mosquito midgut sheets, distended midguts were dissected from mock-or virus-infected mosquitoes in cold 1ϫ Ashburners PBS. Midguts were placed in paraformaldehyde (4%, 1ϫ PBS) for 30 s. An incision spanning the length of the midgut was made, yielding ßat sheets of tissue. The blood meal was removed from each midgut by peeling the epithelium away and using surface tension to force the bolus out. After removal of the bolus, tissues were placed in a microtube containing paraformaldehyde (4%, 1ϫ PBS) for a longer Þxation step (at least 2 h). Tissues were permeabilized by gentle rocking in a solution containing 1ϫ Ashburners PBS, 1% BSA, and 0.2% Triton X-100 (PBT; Sigma, St. Louis, MO). Midguts were rinsed by inverting several times in PBS and then PBT. Between rinses and incubations, midguts always remained in 100 Ð200 l of solution to prevent drying. Midguts were incubated in PBT for 1 h.
Midguts were incubated overnight at 4ЊC in mouse anti-SIN E1 Mab 30.11a (Chanas et al. 1982 ) diluted 1:400 in PBT and Þltered through a 0.45-m acetate Þlter (Pall, Ann Arbor, MI). Midguts were washed several times in a PBT solution containing 0.1% Triton X-100. Midguts were washed twice for 20 min at room temperature and a third wash overnight at 4ЊC. The tissues were incubated in Alexa Fluor goat anti-mouse IgG (1:400; Molecular Probes, Eugene, OR) for 3Ð 4 h at room temperature, followed by incubation in Alexa Fluor phalloidin F-actin probe (Molecular Probes; 1:40 in PBS ϩ 1% BSA) for 20 min at room temperature. Midguts were washed twice and incubated in TO-PRO-3 nucleic acid dye (Molecular Probes; 1:500 in PBS), which was used as a nuclear counter stain, for 5 min. Midguts were given a Þnal rinse in PBS. Finally, the midgut sheets were mounted as previously described. Fluorescence analysis and imaging were performed using a ßuorescent microscope (Olympus F-IX70, with 10, 20, and 60ϫ objectives), as well as an integrated confocal imaging system (Olympus FVX-IHRT Fluoview confocal laser scanning microscope [LSM] ).
Transmission Studies. Five-to 7-d-old female mosquitoes were given an artiÞcial blood meal containing either MRE16 or TR339 virus as previously described.
Control mosquitoes were fed on deÞbrinated sheep blood (Colorado Serum Co.)/MEM containing 10% FBS, NEAA, L-glutamine, and antibiotics (1:1). Male mosquitoes were introduced into the cages containing the blood-fed females. Mosquitoes were provided with oviposition containers. Twelve days after ingestion of the infected blood meal, females were allowed to feed on 2-to 3-d-old mice (ICR [CD-1] strain; Charles River Laboratories, St. Constant, Canada). Individual mice were placed in cages containing single mosquitoes, and mice that were actually probed by the mosquito were returned to their cages. Controls consisted of (1) neonatal mice injected subcutaneously with virus, (2) uninfected neonatal mice exposed to uninfected mosquitoes, and (3) uninfected unexposed neonatal mice. Mosquitoes that probed mice were cold-anesthetized, and two legs per mosquito were analyzed by IFA as an indicator of dissemination of virus from the midgut. The mosquito was stored at Ϫ70ЊC. Mosquitoes were later triturated and assayed for virus concentration by plaquing in Vero cells. Presence of virus in a triturated mosquito indicated infection. Mice were killed 2 d after the transmission attempts, and brain tissue was homogenized in 20% (wt:vol) of diluent (MEM containing 2% FBS plus NEAA, L-glutamine, and antibiotics) (Gould and Clegg 1985) . Presence of virus in the mouse brains was determined by plaque assay in Vero cells and indicated transmission. Transmission rates were calculated based on transmission to mice from infected mosquitoes.
Virus Assay in Orally Infected Mosquitoes. Adult Ae. aegypti (5Ð7 d after eclosion) were given an artiÞcial blood meal containing either MRE16 or TR339 virus as described previously. At least 30 midguts were dissected on days 2, 4, 6, 8, 10, 12, and 14. In addition, 17 midguts were dissected from mosquitoes ingesting an infectious blood meal at 24 h after infection. Midguts were prepared and analyzed for SIN antigen by IFA. Beginning at 2 d after infection, the distribution of antigen in posterior midguts was arbitrarily scored as light, moderate, or heavy. The presence or absence of SIN antigen in other tissues was also recorded. Flat sheets of midgut tissue (24 h after infection) were prepared to characterize early infection of the midgut with each virus. Mosquito heads were prepared from at least 30 mosquitoes infected with each virus in a separate feed on days 2, 4, 6, 8, 10, 12, and 14. Head preparations were analyzed by IFA for the presence of SIN antigen, and dissemination rates were determined as the percentage of infected mosquitoes displaying SIN antigen in head tissues.
Results
Growth of MRE16 and TR339 Viruses in Vertebrate and Mosquito Cells. Growth curve experiments were performed to examine the differences in virus replication between MRE16 and TR339 viruses in different host cell types. Growth curves for the MRE16 and TR339 viruses indicated that both viruses replicated with nearly equal efÞciency in BHK-21 and C636 cells (Fig. 1, A and B) . In BHK-21 cells, maximum titers of 10 8.8 Ð10 8.9 pfu/ml were reached with MRE16 and TR339 viruses between 36 Ð 48 h after infection. In C6/36 cells, titers of 10 9.5 Ð10 10.2 pfu/ml were achieved at 48 Ð 60 h after infection.
IFA Analysis of Mosquito Midgut Tissues. Mosquito midguts were assayed for the presence of MRE16 or TR339 virus. Midguts were dissected from mosquitoes that ingested a blood meal containing either 10 9.6 pfu/ml of MRE16 virus or 10 9.3 pfu/ml of TR339 virus and analyzed by IFA. SigniÞcant ßuorescence was not observed in any of the negative controls. Seventeen midguts were examined from each group at 24 h after infection, and each exhibited infection by IFA. Each virus presented a multifocal infection of the posterior midgut epithelial cells when observed from the lumenal side (Fig. 2, AÐD) . However, infection with MRE16 virus seemed to be more efÞcient. The number of foci observed on each midgut was counted, and the mean and SD were calculated. The mean number of foci Ϯ SD observed in a midgut infected with MRE16 virus was 42.1 Ϯ 30.4 and ranged from 4 to 110. In TR339-infected midguts, the number of foci ranged from 3 to 33 with a mean of 12.4 Ϯ 8.4. During the Þrst 2 d of infection, each virus was usually conÞned to the posterior midgut. Rarely, a focus of infection could also be seen in the anterior midgut. The distribution of foci within the posterior midgut appeared to be random, with no discernible pattern or polarity.
The distribution of MRE16 and TR339 E1 antigen in midgut tissues was analyzed at 48 h intervals, and the results are summarized in Fig. 3 and Tables 1 and 2 . The distribution of E1 antigen observed in the posterior midgut epithelial cells was scored as light, moderate, or heavy. A score of light was given if antigen was detected in less than one-half of the visible surface area of the midgut (Fig. 4A) . Midgut infections were assigned a score of moderate if antigen could be seen in one-half to three-quarters of the visible surface area (Fig. 4B ) and were scored as heavy if antigen distribution was greater than three-quarters (Fig. 4C ). Midguts in which the distribution of observed antigen was borderline were assigned the lower of the two scores. SIN virus-speciÞc antigen appeared to radiate from initial foci of infection in midguts infected with either MRE16 or TR339 virus. When foci could be distinguished at time points later than 24 h after infection, they were generally larger than those observed earlier.
Virus appeared to radiate more rapidly in the MRE16 virus-infected midguts, whereas infection with TR339 virus appeared to be more self-limited. Two days after infection, distinct foci were discernible only rarely in MRE16 virus infected midguts but were frequently discernible in midguts infected with TR339 virus. Although most mosquitoes that ingested either MRE16 A greater number of mosquitoes infected with MRE16 (10 of 31) had moderately to heavily infected midguts at this time point (Fig. 3) . Four days after infection, only 23.3% (7 of 30) of the midguts from mosquitoes that ingested MRE16 virus were lightly infected compared with 83.9% (26 of 31) for TR339 virus (Fig. 3) . Eight days after infection, a maximum of 84% (27 of 32) of the MRE16-infected midguts exhibited moderate to heavy distributions of viral antigen compared with a maximum of only 40% (13 of 33) at 12 d for TR339 virus (Fig. 3) ; this was a signiÞcant difference (P Ͻ 0.001, Fisher exact test). Viral antigen began to wane in MRE16-infected midguts by day 12 after infection, suggesting that infection of the midgut epithelial cells may be transient (Fig. 3) . The distribution of virus-speciÞc antigen was increasing or relatively constant in TR339-infected midguts throughout the time course (Fig. 3) .
Other organs of the alimentary tract also were found to contain viral antigen at various time points (Tables 1 and 2 ). These organs included musculature (Fig. 4E) , trachea (Fig. 4F) , foregut, hindgut, pyloric ampulla, and malpighian tubules (Fig. 4D) . The anatomical structure known as the cardia comprises the junction between the foregut and posterior midgut. In the scoring of antigen distribution, this structure was grouped with the posterior midgut.
Infection of the trachea and musculature indicated that the virus had escaped the midgut epithelial cells. Midgut dissemination rates determined by analysis of these tissues correlate with dissemination rates determined from IFA analysis of head tissues at similar time points (Tables 1 and 2; Fig. 5 ). Using this correlation, it can be seen that a number of mosquitoes with lightly infected posterior midguts also had disseminated infections (Tables 1 and 2 ). Infection of the foregut, hindgut, pyloric ampulla, and malpighian tubules also roughly correlated with dissemination to the head, although not as well as infection of the trachea and musculature (Tables 1 and 2; Fig. 5) . Infection of the foregut and hindgut was characterized by the presence of antigen in the associated musculature, epithelial cells, or both for each of the viruses. Both uninfected and infected malpighian tubules, sometimes adjacent to each other, were commonly observed attached to the same midgut. Antigen also was seen frequently in just part of a tubule, sometimes with uninfected tissues ßanking either side, but most often near the tubules attachment at an infected pyloric ampulla.
IFA Analysis of Mosquito Head Tissues.
Oral infection trials of AaRexD showed that MRE16 virus disseminated from the midgut of these mosquitoes with greater efÞciency than did TR339 virus (Fig. 5) . For MRE16 virus, Ͼ90% (28 of 30) of mosquitoes assayed were positive for a disseminated infection by 8 d after Tables 1 and 2 ). The distribution of SIN virus-speciÞc antigen observed in the posterior midgut epithelial cells was scored as being either light (Lt), moderate (Mod), or heavy (Hv). The total number of mosquito midguts with a score of Lt, Mod, or Hv at a given time point after oral exposure is expressed as a percentage of the total midguts examined (n Ն 30). Transmission to Mice. The transmission potential of AaRexD mosquitoes for MRE16 and TR339 virus was analyzed using neonatal mice. Mosquitoes ingested a blood meal containing either 10 9.6 pfu/ml of MRE16 virus or 10 9.3 pfu/ml of TR339 virus. Each of the AaRexD used in the transmission experiments developed at least a midgut infection. A signiÞcantly greater number of mosquitoes exposed to MRE16 virus (14 of 14 or 100%) had disseminated infections compared with mosquitoes exposed to TR339 virus (10 of 16 or 62.5%; P ϭ 0.019, Fisher exact test). Furthermore, 86% (12 of 14) of mosquitoes infected with MRE16 virus transmitted virus compared with 37.5% (6 of 16) of mosquitoes infected with TR339 virus. The transmission of virus to newborn mice was signiÞcantly higher from AaRexD infected with MRE16 virus than TR339-infected AaRexD (P ϭ 0.011, Fisher exact test), despite the presence of nearly equivalent MRE16 and TR339 viral titers in the respective blood meals. Mosquitoes exhibiting a ME barrier were infected but did not develop a disseminated infection as determined by IFA of leg tissues for SIN-speciÞc antigen. ME barriers were observed only in TR339-infected AaRexD (6 of 16) and not in any of the MRE16-infected mosquitoes (0 of 14). A second barrier may also exist in the salivary glands (SGI or SGE barrier), because not all of the mosquitoes with disseminated infections transmitted virus. Excluding mosquitoes with a ME barrier, the salivary gland barrier was present in 14.3% (2 of 14) of MRE16-infected Ae. aegypti and 40% (4 of 10) of TR339-infected mosquitoes: this was not signiÞcantly different (P ϭ 0.192, Fisher exact test). Therefore, excluding mosquitoes with a salivary gland barrier, the different transmission potentials of AaRexD infected with either MRE16 virus (12 of 12) or TR339 virus (6 of 12) can be primarily attributed to a signiÞcant difference in the expression of a ME barrier in these mosquitoes (P ϭ 0.014, Fisher exact test).
Discussion
In this study, we characterized oral infection, dissemination, and transmission of two different SIN viruses (TR339 and MRE16) in a single strain of Ae. aegypti. TR339 and MRE16 viruses are related a In some of the dissected midguts, the pyloric ampulla and hindgut were missing.
closely to Paleoarctic/Ethiopian and Oriental/Australian genetic subtypes of SIN viruses, respectively (Rentier-Delrue and Young 1980, Olson and Trent 1985 , Shirako et al. 1991 , Sammels et al. 1999 . The complete genome sequence of each virus is now known (McKnight et al. 1996; TR339;
GenBank AF492770, U90536 ϭ MRE16), and the two viruses differ by Ͼ25% in their RNA sequence. The deduced amino acid sequences of MRE16 and TR339 differ by Ϸ14%. The transmission rate determined here for TR339-infected AaRexD was similar to that determined pre- viously by Jackson et al. (1993) using the AR339 strain (40% transmission) and a neuroadapted SIN (NSIN) strain (52.4% transmission) in Ae. aegypti (NIH strain). The sequential infection of organs after peroral infection of these mosquitoes with the AR339 and NSIN strains also was described (Jackson et al. 1993) . In this study, we have characterized infection of Ae. aegypti with TR339 and MRE16 SIN viruses after peroral infection. However, we focused primarily on the infection of the midgut because differences observed in the susceptibility of this tissue seemed to have the largest inßuence on the dissemination and transmission efÞciencies of the two SIN viruses. Ae. aegypti used in the transmission studies and nearly all of those used in the IFA analysis of midgut tissues were infected after ingesting a blood meal containing either MRE16 or TR339 virus using an artiÞcial membrane feeder. However, the dissemination and transmission potential of these two viruses in Ae. aegypti differed signiÞcantly. The data indicate that the expression of a classic ME barrier is primarily responsible for the differences observed in dissemination and transmission potential. Kramer et al. (1981) were the Þrst to demonstrate that the inability of infected Cx. tarsalis mosquitoes to transmit WEE virus was associated with a ME barrier. In female mosquitoes exhibiting a ME barrier, virus infected the midgut but was unable to disseminate to other organs and remained sequestered in the infected midgut cells. This ME barrier was found to be dosedependent and occurred only when low doses of virus were ingested; however, nonÐ dose-dependent ME barriers have been demonstrated for other virusÐvec-tor combinations (Turell et al. 1984 , Weaver et al. 1984 . Although the molecular nature of the ME barrier is unknown, Kramer et al. (1981) found that WEE virus titers were usually lower in the midguts of female mosquitoes exhibiting a ME barrier than in midguts from competent females or females exhibiting a salivary gland infection barrier. This indicates that the ME barrier may be associated with a genetically controlled mechanism of modulating replication of the arbovirus in the midgut. However, studies using ßaviviruses (yellow fever and dengue 2) and Aedes species have demonstrated the titer of virus present in the midgut does not inßuence virus dissemination from the midgut, indicating that other arboviruses interact with the vector in fundamentally different ways (Gubler and Rosen 1976b , Miller and Mitchell 1991 , Bosio et al. 1998 .
The modulation of alphavirus titers has been described in mosquito cell cultures (Brown and Condreay 1986 ) and mosquitoes (Hardy et al. 1983) . Infections begin with an initial acute phase, characterized by high virus titers, which is modulated, resulting in lower virus titers and the establishment of a persistent infection (Hardy et al. 1983) . Gradual decreases in the number of mature virions in mosquito midguts infected with eastern equine encephalitis or St. Louis encephalitis virus also have been observed over time in studies using electron microscopy, EM (WhitÞeld et al. 1971 , 1973 . In this study, IFA did reveal that a number of mosquitoes with lightly infected posterior midguts also had disseminated infections, conÞrming that widespread infection of midgut epithelial cells is not necessarily required for dissemination from the midgut. However, our results also are consistent with alphavirus modulation in the mosquito midgut. IFA analysis of midgut tissues revealed that MRE16 virus was usually associated with a more widespread infection of the epithelial cells than TR339 virus. Virus appeared to radiate more rapidly from initial foci of infection in the MRE16-infected midguts than in TR339-infected midguts; however, the spatial distribution of viral antigen seemed to decrease in MRE16-infected midguts at 12 d after infection. These results suggest that a mechanism of modulation exists in the midgut cells of AaRexD mosquitoes.
Several hypotheses have been proposed to explain the mechanism of viral modulation in mosquito cells (Murphy 1975 , Stollar 1980 . Riedel and Brown (1979) recovered a virus-speciÞc, low-molecular-weight material from the extracellular ßuids of SIN-infected Ae. albopictus cells that interfered with virus multiplication. Other studies using SIN virus have shown a reduction in viral RNA synthesis in persistently infected mosquito cells (Stollar 1980, Tooker and Kennedy 1981) . Indirect evidence supports a hypothesis in which the proposed "modulating factors" are under the control of the mosquito and not the virus (Hardy et al. 1983) .
Studies by Caplen et al. (2002) and Adelman et al. (2001 Adelman et al. ( , 2002 recently have demonstrated the presence of an RNA interference (RNAi) mechanism in both mosquitoes (Ae. aegypti) and mosquito cells (C6/36). Work by Adelman et al. (2001) also shows that SIN viruses may actually induce RNAi, presumably by generating double-stranded RNA as part of the virus replication strategy, suggesting that RNAi may play a central role in pathogen resistance and modulation. This hypothesis is supported by the identiÞcation of suppressors of gene silencing in many plant viruses (Baulcombe 1999 , Voinnet et al. 2000 and the discovery that mutations in the silencing machinery of the plant host can inßuence viral pathogenesis (Baulcombe 1999 , Mourrain et al. 2000 . We can then hypothesize that an RNAi mechanism might be responsible for the modulation of alphaviruses that has been observed in mosquito cell cultures and in mosquito midgut cells.
If modulation of the TR339 SIN strain occurs in the midguts of AaRexD mosquitoes, our results indicate that the MRE16 SIN strain may not be as susceptible to the effects of the mosquitoÕs "modulating factors." It is not clear if the efÞciency of initial infection of the midgut epithelium, which seems to be more efÞcient with MRE16 virus than with TR339 virus, contributes to differences in dissemination potential. Perhaps more efÞcient infection by MRE16 virus allows the virus to initially overwhelm the ME barrier mechanism before the infection can be brought under control. This might also explain how the expression of some dissemination barriers can be overcome by a high dose of virus (Kramer et al. 1981) .
Detection of viral antigen in midgut-associated musculature and trachea indicated that virus had escaped the midgut and disseminated to other tissues and correlated well with the dissemination rates determined for the two viruses. We have previously observed infection of these tissues after intrathoracic inoculation of Ae. aegypti with both viruses (unpublished data). The spatial and temporal progression of SIN virus infection after intrathoracic inoculation has also been described in the mosquito species Ae. albopictus (Bowers et al. 1995) . Infection of gut visceral muscles and trachea also were observed in that study. Before dissemination of virus from the midgut, SIN virus-speciÞc antigen was nearly always conÞned to the epithelial cells of the posterior midgut. Detection of SIN antigen outside of the mosquito midgut correlated well with its appearance in the trachea and musculature. Whether the trachea or gutassociated musculature was infected after dissemination of virus from the midgut or was involved in facilitating virus dissemination remains ambiguous.
A signiÞcant ME barrier does seem to exist for TR339 virus in AaRexD, because the detection of viral antigen indicated that 99.6% (232 of 233) of mosquitoes ingesting an infectious blood meal were infected, although the level of the infection in the midgut epithelium was typically lower than that observed with MRE16 virus. It is clear that dissemination, and thus transmission, of this virus within AaRexD mosquitoes is largely inßuenced by virus genetics.
Studies by Beaty et al. (1981) showed that the failure of an arbovirus to be transmitted from infected mosquito salivary glands may be largely determined by the genetics of the virus. Studies such as these demonstrate that viral determinants can have a signiÞcant inßuence on the infectivity and transmissibility of arboviruses by mosquitoes. The epidemiological signiÞcance of this is that the genetics of the arbovirus may play a large role in determining which species and strains of mosquito will act as competent vectors. Studies by Beaty et al. (1982) found that the determinants of dissemination and horizontal transmission for the arboviruses La Crosse (LAC) (Bunyaviridae) and snow shoe hare (SSH) (Bunyaviridae) viruses likely reside in the M segment RNA encoding the envelope glycoproteins. Both LAC and SSH viruses efÞciently infected the midgut of Ae. triseriatus mosquitoes. However, LAC virus disseminated from 100% of midguts, whereas SSH virus disseminated from only 17%. Reassortant SSH viruses containing the M segment of LAC virus were found to disseminate efÞciently from the midgut, whereas reassortant LAC viruses with the M segment of SSH did not (Beaty et al. 1982) . Brault et al. (2002) recently used chimeric Venezuelan equine encephalitis (VEE) viruses to demonstrate the importance of the E2 envelope glycoprotein gene for infection of the epizootic mosquito vector Ae. taeniorhynchus with epizootic subtypes of VEE virus. The model system we have developed now represents an unprecedented opportunity to further explore how viral genetic determinants inßuence the expression of a ME barrier in a mosquito vector.
